Among primary brain cancers, gliomas are the most deadly and most refractory to current treatment modalities. Previous reports overwhelmingly support the role of the RNA-binding protein Hu antigen R (HuR) as a positive regulator of glioma disease progression. HuR expression is consistently elevated in tumor tissues, and a cytoplasmic localization appears essential for HuR-dependent oncogenic transformation. Here, we report HuR aggregation (multimerization) in glioma and the analysis of this tumor-specific HuR protein multimerization in clinical brain tumor samples. Using a split luciferase assay, a bioluminescence resonance energy transfer technique, and site-directed mutagenesis, we examined the domains involved in HuR multimerization. Results obtained with the combination of the split HuR luciferase assay with the bioluminescence resonance energy transfer technique suggested that multiple (at least three) HuR molecules come together during HuR multimerization in glioma cells. Using these data, we developed a model of HuR multimerization in glioma cells. We also demonstrate that exposing glioma cells to the HuR inhibitor tanshinone group compound 15,16-dihydrotanshinone-I or to the newly identified compound 5 disrupts HuR multimerization modules and reduces tumor cell survival and proliferation. In summary, our findings provide new insights into HuR multimerization in glioma and highlight possible pharmacological approaches for targeting HuR domains involved in cancer cell-specific multimerization.
regulates mRNA splicing, stabilization, and translation (1) . ELAV was initially discovered in Drosophila where it was found to be essential for development (2) (3) (4) . In the adult or mature CNS, HuR is primarily localized in the nucleus of unstressed and non-proliferating cells. HuR actively moves to the cytoplasm during cellular proliferation and stress where it is a major regulator of selective protein expression through its capacity to control targeted mRNA and miRNA behavior (5, 6) . HuR is overexpressed in several types of cancer including colorectal, brain, lung, and breast (7) (8) (9) . HuR promotes tumor progression through regulation of mRNA and miRNA pools involved in proliferation, differentiation, and survival of the transformed cell (10 -13) . The cell-transforming capacity of HuR in cancer cells may be the result of a number of mechanisms including its overexpression, alterations in phosphorylation, subcellular localization, and generation of HuR aggregates or multimers that promote oncogenic transformation of mRNA and miRNA content (14 -22) .
The mechanisms of HuR phosphorylation, subcellular trafficking, and mRNA binding are well-established in cancer cells (23) (24) (25) (26) (27) . However, despite the influence on HuR function (subcellular localization and mRNA binding), the mechanisms of HuR aggregation (referred to as multimerization) observed in numerous types of cancers remain unknown. HuR consists of three mRNA-binding domains (RRM1, RRM2, and RRM3) and a hinge region (between RRM2 and RRM3 domains), which has been implicated in the control of HuR subcellular trafficking and affinity for mRNA targets (28, 29) . The tertiary structure of HuR has been identified for truncated HuR oligomers composed of RRM1-RRM2 domains; however, the structure of fulllength HuR is only available by computational simulation (30 -32) . Currently, there are three distinct HuR regions that could be involved in the formation of multimers: the N-terminal domain containing the cysteine (Cys 13 ) residue, the hinge region with several phosphorylation sites, and the N-terminal part of RRM3 containing Trp 262 and Trp 271 residues (30 -33) . The Cys 13 residue has been implicated in disulfide bond formation in HuR RRM1-RRM2 oligomers, and the hinge and RRM3 domains have been implicated in homo-and heterogeneous helical hydrophobic interactions between ELAV family members.
HuR oligomerization has been reported in the cytoplasmic fractions of the U87 cell line; HeLa cell line derived from cervical cancer; and LNCaP, PC3, and DU-145 prostate cancer cell lines (18, 25, 34, 35) . In our current study, we performed a detailed analysis of HuR multimerization in samples of primary brain tumor, primary patient-derived glioblastoma xenolines (PDGx), and the established glioma U251 cell line. We found a significant increase in HuR multimerization with advanced tumor grade. We observed HuR multimer formation in tumor samples predominantly in the cytoplasmic fraction. The multimers can be reduced to dimers or disrupted by exposure to the HuR-specific regulator MS-444, the tanshinone group compound 15,16-dihydrotanshinone-I (DHTS), or the newly identified compound 5. We developed and utilized several novel assays including split firefly luciferase assay (N-and C-terminal parts of firefly luciferase were attached to the C-terminal end of HuR) and bioluminescence energy transfer (BRET) assay (between HuR-Renilla luciferase and EGFP-HuR or HuR-EGFP constructs) to analyze HuR multimerization in U251 cells and to map HuR domains that may be involved in multimerization. By using the split luciferase assay and BRET technique in conjunction with the mutagenesis of HuR, we were able to confirm that the cysteine residue Cys 13 , HuR hinge, and RRM3 domains make significant contributions in HuR multimer formation. The removal of the hinge and/or RRM3 domains from the HuR molecule significantly decreases the chances of HuR multimer formation. The C13R mutation, in addition to removing the hinge and RRM3 domains, further impairs HuR multimerization. In summary, we provide new insights into HuR multimerization in glioma and highlight possible pharmaceutical pathways for its tumor cell-specific disruption based on the differentiation of targeted domains involved in HuR multimerization.
Results

HuR expression and subcellular localization in brain tumor samples
In a recent report, we observed HuR overexpression in brain tumor samples compared with control samples and noted a significant reduction of survival length for patients with higher HuR expression (16) . In this report, we extend those results with an analysis of HuR expression and subcellular distribution in an array of brain tumor samples (World Health Organization (WHO) grades I-IV) and control brain tissue. Fig. 1A illustrates the low intensity of HuR staining in control brain samples and the striking enhancement in HuR intensity and cytoplasmic localization with increasing tumor grade. We observed weak HuR cytoplasmic staining in three of seven samples from control brain, weak to moderate HuR cytoplasmic staining in 14 of 27 samples from low-grade astrocytoma (WHO grades II and III), and moderate to strong HuR cytoplasmic staining in 13 of 15 high-grade astrocytoma (GBM, WHO grade IV) samples ( Fig. 1A) . Fig. 1B presents the normalized weight of HuR intensity detected in the tissue microarray from control, low-grade, and high-grade (GBM) samples. Fig. 1C illustrates examples of HuR protein distribution in nuclear and cytoplasmic fractions of control and GBM samples detected by a Western blotting technique. In the control samples, HuR was localized to the nuclear fraction and was almost below detection in the cytoplasmic fraction. In high-grade (GBM) samples, HuR resided in both nuclear and cytoplasmic fractions. On average, we observed 1.7 Ϯ 0.26 (p ϭ 0.04, n ϭ 5)-and 1.6 Ϯ 0.19 (p ϭ 0.04, n ϭ 5)-fold enhancement in the HuR protein in the nuclear and cytoplasmic fractions, respectively, in tumor samples compared with control brain (Fig. 1D ). The HuR values were normalized to GAPDH in the cytoplasmic fraction and to lamin A/C in the nuclear fraction. In summary, these results demonstrate increased HuR expression and increased redistribution from the nuclear compartment to the cytoplasm with increasing tumor grade.
HuR multimerization in clinical brain tumor samples
HuR has been reported in the cytoplasmic fraction of several types of cancer, and dimer or multimer formation in vitro has been implicated in HuR function (18, 25, 34, 35) . To evaluate the degree of HuR multimerization in brain tumor samples, we analyzed HuR content under non-reducing/non-denaturing conditions by Western blotting. Fig. 2A illustrates HuR content in the cytoplasmic fraction of control and high-grade GBM samples in non-reduced/non-denatured conditions versus reduced/denatured conditions. The presence of HuR multimers was observed in GBM samples compared with a predominantly monomeric HuR appearance in the control samples. . HuR protein expression in normal and brain tumor tissues. A, immunohistochemical detection of HuR in tissue microarray of normal and brain tumor samples. The images were taken at 40ϫ magnification. B, graph representing the averaged HuR intensity detected in tissue microarray for normal, low-(WHO grades II and III), and high-grade GBM (WHO grade IV) brain tumor samples. The HuR intensity was normalized to the HuR averaged value in GBM samples. The difference is significant between normal and GBM samples with p ϭ 0.05 (*). C, example of the assessment of HuR subcellular distribution (nuclear (nuc)/cytoplasmic (cyt) fractions) in control and brain tumor samples by Western blotting. Lamin A/C and GAPDH antibodies were used to confirm nuclear and cytoplasmic fractions, respectively. D, graph representing the averaged HuR protein expression detected by Western blotting (in nuclear and cytoplasmic fractions) in GBM samples compared with the control (Contr). The HuR data were normalized to the GAPDH expression for cytoplasmic fractions and to lamin A/C for nuclear fractions, then averaged for each tissue group, and finally normalized to the averaged values of nuclear control and cytoplasmic control, respectively. The difference between groups is significant with p ϭ 0.04 (*) for both nuclear and cytoplasmic fractions. The error bars represent S.D. calculated for each group. Table 1 summarizes the analysis of HuR protein multimerization in the cytoplasmic fraction of control samples (n ϭ 4) and brain tumors of different grades, low-grade astrocytoma (WHO grade II; n ϭ 3) and high-grade (GBM WHO grade IV; n ϭ 5). We conclude that there is an increase in HuR multimerization with an increase in tumor grade: four of five GBM samples exhibited HuR bands of high molecular weight (bands 3 and 4) with strong intensity compared with no high-molecular-weight HuR bands with strong intensity in control samples. The lowgrade tumors exhibited high-molecular-weight HuR bands (bands 3 and 4) with low and medium intensity. HuR multimerization was observed predominantly in the cytoplasmic fraction and to a limited extent in the nuclear fraction of tumor samples ( Fig. 2B ). Similar results were detected in five of five tumor samples. To evaluate the nature of HuR multimerization in brain tumors, RNase treatment was used to exclude RNA as a cofactor promoting HuR multimerization, and treatment with ␤-mercaptoethanol was used to assess the role of disulfide bond formation in HuR multimerization. In Fig. 2C , HuR multimerization is illustrated in the cytoplasmic fraction of a GBM sample in non-reduced/non-denatured conditions before treatment (lane 1), after treatment with RNase A/T (lane 2), after treatment with ␤-mercaptoethanol (lane 3), and after treatment with RNase A/T plus ␤-mercaptoethanol (lane 4). Four of four analyzed GBM samples exhibited a similar pattern and reveal that HuR multimerization in GBM is not sensitive to RNase treatment but is partially reduced by ␤-mercaptoethanol. These results reveal an RNA-independent and tumor-specific HuR multimerization predominantly in the cytoplasmic fraction of transformed cells.
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HuR multimerization in glioma cell lines
In agreement with the data generated in brain tumor tissue samples, we observed HuR multimerization in both established (U251) ( Fig. 3A ) and primary PDGx cell lines (supplemental Fig. 1 ) predominantly in the cytoplasmic fraction. We confirmed that a HuR/HuR interaction occurred in the cytoplasmic fraction by coimmunoprecipitation of endogenous HuR with a HuR-EGFP construct transiently transfected into the U251 cell line ( Fig.  3B ). We did not detect HuR coimmunoprecipitation with EGFP alone as a control. To identify HuR multimerization in living cells, we developed a split luciferase assay based on the reconstitution of firefly luciferase enzymatic activity during HuR protein multimerization resulting from the fusion of the N-terminal (amino acids 2-416) and C-terminal (amino acids 398 -550) parts of firefly luciferase attached to the HuR protein. The system is detailed in Fig. 4A . As controls, the N-terminal piece of firefly luciferase (Nluc), C-terminal piece of firefly luciferase (Cluc), full-length firefly luciferase (Fluc), and HuR-Fluc constructs were created ( Fig. 4B ). We generated several doxycycline (dox)-inducible stable cell lines: (a) cell lines coexpressing HuR-Nluc and HuR-Cluc constructs to detect HuR multimerization, (b) cell lines coexpressing Nluc and Cluc constructs as a control, (c) cell lines expressing HuR-Fluc as a control, and (d) cell lines expressing Fluc as a control (Fig. 5A ). Fig. 5B illustrates the averaged luminescence signal from the above cell lines with similar levels of construct induction. Note that the cell line coexpressing HuR-Nluc and HuR-Cluc constructs exhibits strong luminescence signal in the presence of the luciferase substrate luciferin, confirming HuR/HuR interaction in the U251 cell line. The averaged ratio of luminescence signal from HuR-NlucϩHuR-Cluc to background showed a 27 Ϯ The numbers in parentheses in the second, third, and fourth columns represent the number of samples exhibiting the corresponding HuR band with the particular molecular mass and intensity. The band molecular masses are indicated in the first column: 30 kDa (monomer), 50 kDa (1), 60 kDa (2), 90 kDa (3), and 120 kDa (4) . The band intensity is indicated as weak (w), medium (m), and strong (str).
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str (0) str (0) str (4) HuR protein multimerization in glioma 6 -fold (n ϭ 8) increase. To reduce the chance of the reporter forming multimers with endogenous HuR, we transfected the HuR-NlucϩHuR-Cluc stable cell line with siRNA against the 3Ј-UTR of endogenous HuR to decrease endogenous HuR protein expression. In this setting, we measured an enhanced ratio of luminescence signal from HuR-NlucϩHuR-Cluc to background of 71 Ϯ 7 (n ϭ 11)-fold, whereas the opposite condition of transfection of the HuR-NlucϩHuR-Cluc stable cell line with recombinant HuR (without Nluc or Cluc tags) decreased the ratio of luminescence signal from HuR-NlucϩHuR-Cluc to 15 Ϯ 2-fold relative to background (n ϭ 4). Thus, our data confirm HuR multimerization in the U251 cell line and validate the use of the HuR-NlucϩHuR-Cluc system for the detection of this process.
Cysteine 13, hinge, and RRM3 HuR domains regulate HuR multimerization
Several HuR domains including the N-terminal disulfide bond formed by cysteine 13, the hinge region between RRM2 and RRM3, and the RRM3 domain could be implicated in HuR multimerization. To determine whether the hinge and RRM3 domains of HuR are involved in the multimerization process, we generated dox-inducible stable cell lines expressing fulllength HuR or truncated HuR versions fused with N-and C-terminal parts of firefly luciferase. The truncated constructs are truncated before the hinge region (residue 198) or after the 
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hinge region (residue 244), and all are fused with the Nluc and Cluc parts of firefly luciferase (Fig. 6A ). We were able to detect luminescence signal in the split luciferase assay from HuR-Nluc and HuR-Cluc constructs truncated before and after the hinge region but at significantly reduced signal intensity relative to the full-length constructs. The HuR construct without hinge, without RRM3, and with the C13R mutation failed to generate a luminescence signal above the background level in the split luciferase assay. Fig. 6B illustrates relative luminescence signal normalized to the protein expression of the above cell lines, confirming that the residue Cys 13 , hinge, and RRM3 domain of HuR are required for the HuR multimerization process.
Analysis of HuR multimerization by BRET technique
To confirm and validate the properties of HuR multimerization, we used a BRET technique between HuR-Renilla luciferase and HuR-EGFP or EGFP-HuR constructs (Fig. 7A ). By fusing the EGFP protein either to the N terminus or C terminus of HuR, we were able to evaluate the properties of HuR orientation in multimer formation. The HuR-Renilla luciferase alone or together with HuR-EGFP or EGFP-HuR constructs were transfected into U251 cells, and the BRET ratio was analyzed in the presence of coelenterazine h or native coelenterazine (see "Experimental procedures"). The PRKAR2A-EGFP construct was used as a control and did not alter the HuR-Renilla luciferase spectrum. The averaged BRET ratio detected at 510 nm was 0.23 Ϯ 0.05 (n ϭ 5) for HuR-Renilla luciferase plus HuR-EGFP constructs and 0.21 Ϯ 0.06 (n ϭ 5) for HuR-Renilla luciferase plus EGFP-HuR constructs (Fig. 7B) . The difference was not significant, suggesting that HuR molecules have equal probability of converse and direct orientations in multimers. Fig. 7C illustrates examples of spectra detected from U251 cells transfected with HuR-Renilla luciferase alone or with HuR-Renilla luciferase plus HuR-EGFP.
To confirm that at least three HuR molecules may come together for multimerization, we developed a BRET assay between the split luciferase assay constructs consisting of HuR-Nluc and HuR-Cluc (which when reconstituted would generate firefly luciferase activity) and a HuR-DsRed (red fluorescent protein fused with HuR) construct (Fig. 8A) . The HuR-NlucϩHuR-Cluc stable cell line was transfected with the HuR-DsRed construct for BRET detection and cotransfected with siHuR against the 3Ј-UTR of endogenous HuR to improve the interaction among recombinant HuR-Nluc, HuR-Cluc, and HuR-DsRed proteins in these experiments. The BRET was initiated by the addition of the firefly luciferase substrate luciferin. The averaged BRET ratio between HuR-Nluc plus HuR-Cluc constructs and HuR-DsRed construct detected at 590 nm was 0.41 Ϯ 0.1 (n ϭ 4) ( Fig. 8A) , confirming that at least three HuR molecules may coexist in multimers. Based on the above results, we developed a model of HuR multimerization (presented in Fig. 8B ). We propose that HuR multimerization is 
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influenced by disulfide bond formation between Cys 13 residues and oligomerization with the hinge and RRM3 domains of HuR (see "Discussion"). This model is consistent with the congruent BRET ratio between HuR-Renilla luciferase and HuR-EGFP or EGFP-HuR constructs observed in the experiments above. Fig. 9 illustrates that HuR multimerization may be disrupted by (a) the tanshinone group compound DHTS, which has been implicated in HuR/RNA interaction (36) , and (b) the new compound 5, which has been identified as a regulator of hinge region function (supplemental Fig. 2 ). We used the identified HuR-specific inhibitor MS-444 (37) as a control (supplemental Fig. 3 ). Note the specific and robust inhibition of HuR multimer formation after short (6 -8-h) treatment with MS-444 that was specific for the luminescence signal from HuR-NlucϩHuR-Cluc-expressing cells compared with the luminescence signal from control cells expressing the Fluc construct. Fig. 9A , panel a, illustrates the inhibitory dose response of DHTS on HuR multimerization after 1.5 h of treatment. Fig. 9A, panel b , illustrates the inhibitory dose response of compound 5 on HuR multimerization (after 6 -8 h of treatment). A specific and robust inhibition of HuR multimer formation is noted. In Fig.  9B , we show the cytotoxicity curves for DHTS (panel a) and compound 5 (panel b) on the U251 cell line; those for PDGx lines are shown in supplemental Fig. 4 . We did not detect a significant alteration in total HuR cytoplasmic levels at the 1.5-h time point for DHTS (50 M) or at the 6-h time point for MS-444 (up to 100 M) or compound 5 (50 M) (Fig. 9C, panel  a) . However, we did observe a dramatic decrease in the cytoplasmic HuR level after 24 h of treatment with compounds MS-444 (by 84%; lane 1), DHTS (by 95%; lane 2), and compound 5 (by 90%; lane 3) compared with the cytoplasmic HuR in untreated cells (lane 4) (Fig. 9C, panel b) . Similar results were observed in three experiments. Thus, we conclude that the disruption of HuR multimerization could be achieved through the specific targeting of different HuR domains and leads to a decrease in tumor progression.
Disruption of HuR multimerization in tumor cells
Discussion
In our current work, we have developed several lines of evidence confirming the formation of HuR multimers in the cyto- ) . The short treatment corresponds to 6 h for MS444 and compound 5 and to 1.5 h for DHTS. The long treatment corresponds to 24 h for all compounds. The HuR values were normalized to the actin value in the cytoplasmic fraction and to lamin A/C in the nuclear fraction. Note the decrease of the cytoplasmic HuR level by 84, 95, and 90% after 24 h of treatment with compounds MS444, DHTS, and compound 5, respectively, compared with control (panel b). Lamin A/C antibody was used to confirm the separation of nuclear and cytoplasmic fractions.
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plasmic fraction of brain tumor cells. We confirmed HuR protein multimerization by Western blotting, split HuR-firefly luciferase assay, and BRET in living cells. The combination of split HuR-luciferase assay with BRET technique suggests that at least three HuR molecules come together in glioma cells during HuR multimerization. Based on our data, we have developed a model of HuR multimerization in cancer cells. Our data support the role of HuR protein multimerization as a promoter of the neoplastic process. By utilizing BRET and split luciferase assays with truncated and full-length HuR constructs, we demonstrated that the HuR hinge region and the RRM3 domain play a significant role in HuR multimerization in living cells. We found that a loss of the hinge region causes an accumulation of the recombinant HuR protein in the cytoplasmic fraction but with a significantly impaired ability for dimerization/multimerization. The HuR without RRM3 (but with hinge region) exhibits less protein in the cytoplasmic compartment but has a better chance for multimerization compared with the HuR that loses RRM3 and hinge together. Our data are in agreement with the RRM3 dimerization model proposed by using Brownian dynamics, molecular dynamics, and computational data analysis (29, 31, 32) . The yeast two-hybrid system screening of HuR oligomerization domains also confirmed that the hinge and RRM3 regions of HuR are essential for HuR/HuR interaction (33) . In addition, the analyses of truncated and full-length HuR protein binding with RNA indicate that the RRM3 domain is required for cooperative assembly of HuR oligomers on RNA (29) . The comparison of primary sequences of ELAV family members confirmed that the HuR RRM3 domain has strong homology with HuC and HuD proteins; however, the hinge regions are very diversified. Interestingly, the oligomerization of full-length HuC and HuD proteins strongly relies on the hinge and RRM3 domains (38, 39) . Thus, there is a substantial consensus that the RRM3 and hinge regions contribute to ELAV protein oligomerization and the unique sequence of the hinge region may serve as a novel molecular target for therapeutic development.
One of the intriguing and unique aspects of HuR multimerization noted in our work is the sensitivity of HuR multimers to redox condition. The HuR C13R mutant without the hinge and without RRM3 fails to generate a luminescence signal above the background level in the split luciferase assay. The sensitivity of HuR multimerization to redox changes could be explained by disulfide bond formation between cysteine (Cys 13 ) residues, which have been implicated in the process of RRM1 and RRM1-RRM2 HuR dimer formation (33) . The exclusively monomeric state has been reported for the HuR C13A (amino acids 2-189) construct, confirming the stringent dependence of the HuR RRM1-RRM2 dimerization on disulfide Cys 13 -Cys 13 bond formation (30) . The analysis of primary sequences of ELAV family members revealed that HuR is the only protein of the ELAV family members that has the Cys 13 residue on the N terminus. The in situ S-S bond-dependent chemical crosslinking of HuD proteins in multimer modules suggests that the redox state-dependent multimerization of HuD proteins may exist at the cellular level in certain pathological conditions and may rely on cysteine residues probably located in the RRM3 domain of HuD (38) . There are no reports of redox-sensitive HuD multimerization in normal physiological conditions. Although HuR multimerization has been observed in several cell lines, the functional role of HuR oligomerization and multimerization remains uncertain. HuR multimerization may occur prior to mRNA binding as well as allosterically during HuR-mRNA complex formation (24, 29, 36) . We believe that HuR multimerization impacts HuR function such as affecting HuR-mRNA binding, HuR ability to participate in splicing, HuR subcellular localization, or HuR stability. The disruption of HuR dimerization by low-molecular-weight compounds through the interaction with RRM1-RRM2-hinge HuR core or hinge-RRM3 domains in vitro significantly diminishes HuR-mRNA binding and ultimately leads to the reduction in cancer cell proliferation and survival (36, 37, 40, 41) . However, the modification of HuR function should be done with caution, using cell-specific targeting, because of potential side effects on normally proliferating cells.
In Fig. 8B , we propose a model of HuR multimerization in cancer cells that combines the interactions of several HuR-oligomerizing domains. This model includes disulfide bond formation (Cys 13 -Cys 13 ) between N-terminal regions of HuR and at the same time oligomerizations of hinge and RRM3 HuR domains. Current HuR tertiary models are based on biochemical data with limited sets of physiological variables and computational analysis of truncated HuR constructs only designed to simulate HuR dimerization (28 -33) . Our HuR tertiary model is built on quantitative data from living cells with truncated and full-length HuR constructs. The cell-based environment and native full-length HuR molecule allowed us to reveal complex interactions between HuR-oligomerizing domains that may be different in nature compared with biochemical assays. Importantly, this model of HuR multimerization is supported by the congruent BRET ratio for HuR fused to either the N or C terminus with fluorescent protein that was observed in our BRET assay experiment between HuR-Renilla luciferase and HuR-EGFP or EGFP-HuR constructs.
The formation of HuR multimers is most likely a complex process, which could be influenced by intracellular conditions (like redox state, pH, and ionic strength), cofactors (like mRNA and protein partners), or post-translational modifications (like phosphorylation/dephosphorylation, methylation, and acetylation). Primary brain tumors are characterized by oxidative stress, abnormal patterns of protein phosphorylation, and abnormal protein localization (12-14, 16, 21, 27, 42, 43) . Particularly, the oxidative stress in brain tumors is well-established and could be caused by known oncogenic or metabolic alterations such as isocitrate dehydrogenase-1 (IDH1) Arg 132 mutations, mitochondrial dysfunction, ATP withdrawal, or inflammatory conditions related to viral infection (44 -48) . Supplemental Fig. 5 illustrates an induction of the HuR/HuR multimerization in stress conditions evoked by coexpression of endogenous IDH1 and recombinant IDH1 R132H mutant in U251 cells, suggesting that HuR multimerization may be regulated on the post-translational level. Indeed, cellular stress and ATP depletion are significant factors involved in HuR cytoplasmic shuttling and induction of the antiapoptotic function in normal and cancer cells (49 -52) . The influence of HuR phosphorylation/dephosphorylation on HuR oligomerization and HuR protein multimerization in glioma subcellular localization has been reported in cancer cells (18, 34, 35, 52) . Alterations of HuR phosphorylation in the hinge region affect HuR nuclear/cytoplasmic shuttling, assembly in stress granules, and attachment to centrosomes (1, 26, 27, 52) . Thus, HuR multimerization influenced by the cellular environment could be considered as an adaptative survival mechanism of cancer cells under stress conditions. Overall, our work provides an understanding of HuR multimerization in cancer cells and highlights specific pathways for its disruption.
Experimental procedures
Cell culture and patient material
The XD459 and JX10 primary PDGx lines were previously established from human brain tumor tissue (10) . The U251 cell line was purchased from the American Type Culture Collection (ATCC, Manassas, VA). The U251 Tet-On cell line was previously developed from the U251 cell line by using pTet-On plasmid (Clontech) (10) the following primers: Forw1-ATG-FLAG-SalI-IDH1, 5Ј-ACA-TGGACTACAAGGACGACGATGACAAGTCCAAAAAA-ATCAGTGGCGGTTCTGTGGTAGAG, and Rev-stop-SalI-IDH1, 5Ј-AAGCAACAGTCGACTTAAAGTTTGGCCTGA-GCTAGTTTGATC. The mutations were achieved by PCR with the following primers: Forw-IDH1-R132H, 5Ј-GTAAAA-CCTATCATCATAGGTCATCATGCTTATGGGGATC, and Rev-IDH1-R132H, 5Ј-GATCCCCATAAGCATGATGACCT-ATGATGATAGGTTTTAC; Forw-IDH1-R132C, 5Ј-GTAAA-ACCTATCATCATAGGTTGTCATGCTTATGGGGATC, and Rev-IDH1-R132C, 5Ј-GATCCCCATAAGCATGACAAC-CTATGATGATAGGTTTTAC; and Forw-IDH1-R132S, 5Ј-GTAAAACCTATCATCATAGGTAGTCATGCTTATGGG-GATC, and Rev-IDH1-R132S, 5Ј-GATCCCCATAAGCATG-ACTACCTATGATGATAGGTTTTAC. The constructs were cloned in pTre2Hygro vector using the SalI restriction site. All constructs were verified by sequencing.
Luciferase assay
96-well assay plates (white, clear bottom polystyrene plates treated for tissue culture; Corning) were utilized for all luminescence detection assays. Cells from expanded cell lines were detached by trypsinization, counted using a TC10 automated cell counter (Bio-Rad), plated at 60,000/well, and induced for 48 h by dox (0.75 g/ml) or non-induced (as control). After 48 h of construct induction, beetle luciferin (D-luciferin) (Promega) was used as a substrate of firefly luciferase constructs for bioluminescence imaging of luminescence signals in split luciferase assays for HuR dimer detection and controls. The plates were equilibrated at room temperature, fresh cell culture medium containing freshly reconstituted D-luciferin (0.5-1 mg/ml) was added at 1:1 ratio to the well medium using a multichannel pipette (XL 3000I TM , Denville Scientific), plates were gently rocked for 5-10 min, and the accumulative luminescence signals were detected using an InfinitiM200 plate reader (Tecan). To read luminescence spectra, a SynergyH1 microplate reader (BioTek, Winooski, VT) was used. To ensure a stable signal, the first-read well was reread after each series of reading. Each sample was at least triplicated in the plate, and four series of readings were performed for each plate. Native coelenterazine or coelenterazine h (1-10 M final concentration) (both from NanoLight Technology, Pinetop, AZ) was used in experiments with Renilla luciferase constructs. The plates were equilibrated at room temperature, PBS medium containing freshly reconstituted coelenterazine was added to the wells using a multichannel pipette (XL 3000I), plates were gently rocked for 2-5 min, and the luminescence signals were detected using a SynergyH1 microplate reader. To ensure a stable signal, the first-read well was reread after each series of reading. Each sample was at least triplicated in the plate, and three series of readings were performed for each plate.
BRET technique
To measure the BRET signal between Renilla luciferase and EGFP constructs (HuR-Renilla luciferase and HuR-EGFP, EGFP-HuR, and PRKAR2A-EGFP), the corresponding plasmids at a 1:1 ratio were cotransfected using a 4D-Nucleofector core unit and X kit. The emission spectra were initiated by the Renilla luciferase substrate native coelenterazine or coelenterazine h (1-10 M final concentration) and detected in a range from 400 to 550 nm using a SynergyH1 microplate reader. The detected signals at wavelengths 480 Ϯ 10 and 520 Ϯ 10 nm, corresponding to the maxima of the emission spectra for Rluc and EGFP, respectively, were chosen for BRET calculation. Note that the 480 Ϯ 10 nm wavelength is the maximum of EGFP excitation as well. The BRET ratio was calculated by using the equation [(emission at 520 Ϯ 10 nm) Ϫ (emission at 480 Ϯ 10 nm ϫ Cf)]/(emission at 480 Ϯ 10 nm) where Cf is (emission at 520 Ϯ 10 nm)/(emission at 480 Ϯ 10 nm) measured in cells cotransfected with HuR-Renilla luciferase and scrambled control plasmid. The expression of EGFP constructs was confirmed by measuring fluorescence signals acquired by excitation at 480 Ϯ 10 nm and emission at 520 Ϯ 10 and 560 Ϯ 10 nm (as a control) using a SynergyH1 microplate reader.
To measure BRET signal between reconstituted firefly luciferase (firefly luciferase activity was achieved during HuR protein multimerization in the split firefly luciferase assay) and the cotransfected HuR-DsRed fluorescence construct, D-luciferin (0.5-1 mg/ml) was used as the initiation signal and as a substrate for firefly luciferase. The luminescence signals, detected using a SynergyH1 microplate reader at wavelengths of 570 Ϯ 10 and 590 Ϯ 10 nm, corresponding to the maxima of the emission spectra for Fluc and red fluorescent protein, respectively, were chosen for BRET calculation. Note that the 570 Ϯ 10 nm wavelength is the maximum of DsRed excitation. The BRET ratio was calculated by using the equation [(emission at 590 Ϯ 10 nm) Ϫ (emission at 570 Ϯ 10 nm ϫ Cf)]/(emission at 570 Ϯ 10 nm) where Cf is (emission at 590 Ϯ 10 nm)/(emission at 570 Ϯ 10 nm) measured in cells cotransfected with HuR-NlucϩHuR-Cluc and scrambled control plasmid. The expression of DsRed constructs was confirmed by measuring the fluorescence signal acquired by excitation at 570 Ϯ 10 nm and emission at 590 Ϯ 10 and 620 Ϯ 10 nm (as a control) using a SynergyH1 microplate reader. Note, in this experiment, cells were cotransfected with siHuR against non-coding 3Ј-UTR of endogenous HuR protein (HuR siRNA 1027417, Qiagen GmbH, Hilden, Germany) to decrease expression of endogenous HuR protein (16) and improve interaction among recombinant HuR-Nluc, HuR-Cluc, and DsRed-HuR proteins or an equal amount of control siRNA (Cell Signaling Technology, Danvers, MA).
Immunohistochemistry
A standard immunohistochemistry protocol for paraffinembedded tissue sections (University of Alabama core facility) was used for the array of brain tumor samples (WHO grades I-IV) and control brain tissue. Briefly, tissue sections underwent deparaffinization/rehydration by a series of incubations in xylene and 100 and 95% ethanol and a wash in distilled H 2 O followed by antigen unmasking in 10 mM sodium citrate buffer for 10 min at 95°C. Tissue sections were then cooled at room temperature for 30 min and stained with 3% hydrogen peroxide for 10 min to quench endogenous peroxidase activity before the staining procedure. To prevent nonspecific antibody binding to the tissue, tissue sections were incubated with universal blocking buffer consisting of 1% BSA, 0.2% nonfat powdered skim HuR protein multimerization in glioma milk, 0.3% Triton X-100, and 1ϫ PBS for 1 h at room temperature in a humidified chamber. The staining procedure utilized the HuR3A2 (Santa Cruz Biotechnology, Inc., Dallas, TX) primary antibody at 1:200 dilution at 4°C overnight. SignalStain Boost Detection Reagent (HRP; mouse) was used at room temperature for 30 min for signal detection, and for signal development SignalStain diaminobenzidine chromogen concentrate was mixed with diluent. Hematoxylin (Fisher Scientific) was used for nuclear counterstaining. Washing buffer was Trisbuffered Saline with Tween 20. 0.3% Triton was used for cell permeabilization, and VectaMount mounting medium (Vector Laboratories, Burlingame, CA) was used for coverslip mounting.
Immunoprecipitation and Western blotting
The immunoprecipitations were performed by using rabbit immunoprecipitation matrix (Santa Cruz BioTechnology, Inc.) coated with EGFP antibody (Santa Cruz Biotechnology, Inc.) or anti-rabbit IgG antibodies as a control (Santa Cruz Biotechnology, Inc.) overnight at 4°C. The cells lysates were precleared for 2 h with immobilized A/G protein slurry (Life Technologies) before immunoprecipitation. The immunoprecipitation was achieved during a period of 6 h at 4°C, the beads were washed three to five times in appropriate buffers at 4°C, and contents were released using 5ϫ SDS gel loading buffer and 95°C heat for 9 min. The cell lysis buffer (Cell Signaling Technology) supplemented with protease inhibitor mixture (Thermo Fisher Scientific, Waltham, MA), and sodium orthovanadate was utilized for cells lysis and total protein extraction. For nuclear/cytoplasmic protein fractionation, the NE-PER TM nuclear and cytoplasmic extraction reagents (Thermo Fisher Scientific) were used according to accompanying protocol. The lamin A/C antibody (Cell Signaling Technology) and ␣-tubulin antibody (Sigma-Aldrich) were used to confirm correct nuclear/cytoplasmic fractionation, respectively. Samples were premixed with 5ϫ gel loading buffer supplemented with ␤-mercaptoethanol and preheated at 95°C for 9 min before gel loading in reduced, denatured conditions. For samples in non-reduced and non-denatured conditions, 5ϫ gel loading buffer without reducing agents was used, and the preheating step was omitted. In some experiments, protein samples were pretreated with RNase T1 (Ambion, Waltham, MA) and RNase A (Qiagen GmbH). 4 -5% blotting-grade blocker (Bio-Rad) in TBS with Triton X-100 was used as a blocking solution for Western blotting. The ImageJ program was used for Western blot data analysis. The following antibodies were used for protein detection in Western blotting: lamin A/C, GAPDH, cleaved poly(ADP-ribose) polymerase, anti-rabbit HRP, anti-mouse HRP antibodies (Cell Signaling Technology); HuR3A2, EGFP, actin, anti-rabbit, anti-mouse IgG1-HRP, anti-rabbit HRP, anti-goat IgG-HRP antibodies (Santa Cruz Biotechnology, Inc.); ␣-tubulin, anti-FLAG antibodies (Sigma-Aldrich); and anti-luciferase goat polyclonal antibody (Promega).
Viability assay
PrestoBlue cell viability reagent (Thermo Fisher Scientific) was used for the cytotoxicity assay according to the manufacturer's protocol. Briefly, cell were plated in 48-well plates (Costar, Corning) at 15,000 -20,000/well to evaluate the inhibitory dose response for the desired drug and from 2,000 to 60,000/well in the same plate to ensure linear working range of PrestoBlue reagent. The drugs were freshly reconstituted in cell medium and added to the wells using a multichannel pipette (XL 3000I). Each drug concentration was at least triplicated in the plate. After 24 or 48 h of cell exposure to various drug concentrations, the PrestoBlue reagent (15-20 l) was added to each well using a multichannel pipette, and plates were incubated at 37°C and 5% CO 2 for 10 -20 min. To avoid the influence of alterations of redox and alkylation states of the solution on PrestoBlue performance, the cell medium was exchanged for fresh medium before PrestoBlue addition. Following the incubation period, the PrestoBlue fluorescence signal (560-nm excitation/590-nm emission) was detected using an InfinitiM200 plate reader. At least three series of readings were performed for each plate. The background signal (detected from wells with medium without cells) was subtracted from the readings in each plate during data analysis. The dose-response curves were normalized to the corresponding cell signals without drug treatment. The IC 50 value was determined as the concentration of an inhibitor at which the response is reduced by half.
D-2-Hydroxyglutarate evaluation
D-2-Hydroxyglutarate evaluation was performed using a D-2hydroxyglutarate assay kit (K213-100, BioVision) according to the manufacturer's protocol.
Statistical analysis
Statistical analysis and graphing were performed using Excel and Origin Pro software. Statistical significance was determined by Student's t test (analysis of variance), and a p value Յ0.05 was considered significant. Values are expressed as mean Ϯ S.D. Statistically significant data are labeled by an asterisk in the graphs.
